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Abstract
In this paper we examine the trade-offs of using or not using pressure-relief for a number of representative model aquifers. We 
show that pressure relief increases injectivity and the degree to which it increases injection rates depends on formation 
characteristics. The net economic benefit of pressure relief depends on the costs of the scheme and the degree of improvement in 
the CO2 injection rates. Where there is only a slight increase in injectivity, pressure relief results in higher costs. However, when 
there are greater increases in injectivity, pressure relief is of significant net economic benefit. For the cases we examine, the costs 
of CO2 injection are 1.7 to 0.1 times those without pressure relief.
© 2010 Elsevier Ltd. All rights reserved
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1. Introduction
Research into the economics of carbon capture and storage (CCS) has been generally focused on the effect of different capture 
or carbon market assumptions. There has been less systematic study of the effect of storage assumptions on the cost of CCS. We
have previously shown that the cost of injection can exceed the cost of capture and transport combined and that the choice of 
storage site can be the critical decision in determining the economics of a project [1, 2]. Injection cost depends on the storage site 
location (onshore or offshore) and the number and type of wells required. The number of injection wells required is reflects the 
injectivity, which is determined by the geological characteristics of the storage formation and multiphase flow properties.
Increasing attention is being given to concerns about injectivity in CO2 storage formations that have limited connectivity to 
surrounding aquifers [3]. The limited connectivity reduces injectivity and this leads to more wells being required than if the 
formation had good connectivity. The degree to which CO2 injection will increase formation pressure is a function of aquifer 
strength and formation rock and fluid characteristics such as permeability, compressibility, salinity and initial formation pressure. 
In addition, for a given well spacing, the more CO2 we inject, or the longer the injection period, the greater is the interference 
between injection wells, which in turn, increases the requirement for injection wells and the costs. 
One way of mitigating this is to drill water production (or pressure relief) wells. Adding these wells is believed to improve 
injectivity and reduce the number of injection wells [4, 5]. It is not clear whether adding pressure-relief wells will change the 
total number of wells required for a CO2 storage project. In addition, the production of formation water requires surface facilities 
to treat and dispose of the water. In offshore contexts this is routine, but for onshore projects this would not be trivial. So if the 
total number of wells is constant with and without pressure-relief, the additional surface facilities may make pressure-relief an 
economically less attractive option. Yet, by including pressure-relief there may be a reduction in the total number of wells and 
the injection pressure required and so compressor duty would be reduced leading to a reduction in operating cost. A change in 
compressor duty will also alter the mass of CO2 avoided and therefore the specific cost of CO2 avoided ($/t). This paper 
examines the trade-offs between these different factors.
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2. Method
We examine the effect of water production wells to relieve pressure increase in a CO2 storage formation on injectivity and 
economics. We make this analysis using four model formations combining two reservoir depths (1,000 and 4,000 m) with two 
products of permeability and thickness (100 and 10,000 md.m). The other reservoir data is presented in Table 1. We use the 
relative permeability functions derived from an examination of the literature data [6, 7]. For simplicity we neglect the effects of 
capillary forces. For each of these formations we model CO2 injection with and without pressure relief wells. We also examine 
the effect of well type (vertical versus horizontal) and well spacing.
Table 1 – Saline formation characteristics.
Reservoir property Units
Shallow 
Formation
Deep 
Formation
Depth km 0.9 4
Minimum Pressure MPa 9 40
Maximum Pressure MPa 13.5 60
Temperature °C 35 90
Porosity % 20 20
Formation anisotropy 0.1 0.1
Formation area km² 1,000 1,000
Salinity mg/L 20,000 20,000
The process examined in this analysis is displayed schematically in Figure 1. For this study we only analyse engineering and 
economics of the injection infrastructure and produced water treatment. We do not analyse the capture of CO2 from its source or 
the transport of CO2 from the capture site to the injection site. In addition, we exclude an evaluation of the disposal or use of the 
brine and the transport and sale of the treated water.
Figure 1 — Schematic depiction of the CO2 injection process with water production for pressure relief
We estimate the costs of CO2 injection using an economic model developed at the University of New South Wales on behalf 
of the Cooperative Research Centre for Greenhouse Gas Technologies (CO2CRC). This model uses material and energy balances 
and simple design algorithms to estimate material, equipment and energy requirements. The model calculates the capital, 
operating and decommissioning costs of the process, as well as CO2 emissions. From these results, the model calculates the CO2
avoided and the specific cost of CO2 avoided. The specific cost of CO2 avoided is defined as the quotient of the present value of 
all costs and the present value of the CO2 avoided.
We estimate costs in Australian dollars for the first quarter of 2010 (A$2010) and assume that an Australian Dollar is worth 
US$0.85. We calculate present values using a real discount rate of 7%. We assume a construction period of 3 years, a project life 
of 25 years and 15% downtime for the whole CCS project. The project is decommissioned in the year after injection finishes. 
Real decommissioning costs are 25% of the real capital costs.
2.1. Compression and distribution
We assume that pure CO2 is delivered to the booster compressor inlet at 8 MPa (1,160 psi) and 25°C where its pressure is 
boosted to the injection pressure. Injection pressures vary with depth, injectivity and flow-rates. In some cases it may be possible, 
by slight increases in the delivery pressure, to eliminate the need for well head compression. We have examined this 
elsewhere [1, 2] and make this assumption to allow comparison of injection costs on a consistent basis.
The costs of the booster compressors are based on vendor quotes. We assume that the energy is supplied to the compressors 
at a cost of A$50 per MWh and that 370 kg of CO2 are emitted for every MWh of electricity consumed. There is no cost for CO2
emitted as part of energy generation, although we do include that CO2 in our calculation of CO2 avoided. CO2 avoided is the 
difference between the CO2 emitted without the project, and that emitted with the project. For cases with more than one well, we 
assume a distribution network is installed to take CO2 from the booster pump to the well heads.
Booster 
pump
Water 
treatment
CO2 Potable water
Brine
Saline aquifer
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2.2. CO2 injection and water production
We use the Computer Modelling Group’s compositional reservoir simulator (GEM) to determine maximum CO2 injection 
rates for given conditions. Dissolution trapping is considered. However, we exclude the effects of chemical reactions between
CO2 and the rock matrix as well as the response of the reservoir after injection. For a given CCS project, the maximum injection 
rates lead to a measure of the physical capacity to store CO2.
We inject CO2 at a constant rate for 25 years, which is the assumed life of the capture project supplying the CO2. For a given 
case, we run the simulations several times in order to find the maximum injection rate that satisfies the time and pressure 
constraints. We ensure that no free CO2 breaks through at water producers during injection. We run simulations with different 
numbers of identical vertical wells.
The simulation uses a simplified 3D reservoir model constructed for this study. The total number of grid blocks is 
7,803 (51×51×3), with cell sizes in the x and y directions being the same (620 m). In the z direction the cell size is 3.33 m for thin 
formations and 33.3 m for thick formations. We open only the bottom layer for CO2 injection. This reflects the typical 
assumption that down dip injection minimises CO2 mobility because the benefits of structural, capillary, and dissolution trapping 
are increased. The entire thickness is opened for production wells.
We place the wells based on 5-spot pattern with a well spacing of 3.5 km. We run simulations for three different well 
numbers: 5 (4 injectors and 1 producer), 25 (16 injectors and 9 producers) and 61 wells (36 injectors and 25 producers). For cases 
without pressure relief, we simulate four different well numbers: 1, 4, 16 and 36. We also examine the impacts of using 
horizontal wells of 2.4 km and the well spacing. All the wells are 220 mm (8.681”) in diameter and are drilled to the base of the 
formation. The costs of injection and production well have been benchmarked against those published by Leamon [8] and RISC
[9]. For each case, we compare the injection rates with/without pressure-relief wells.
2.3. Brackish water treatment
The brackish water produced by pressure relief wells possesses a salinity of the same order as sea water (20,000 mg/L). Both 
dry-land and irrigated-land salinity is a major issue in Australia [10, 11] and so the produced water must be treated before 
disposal. The need to deal with water produced as part of coal seam gas operations provides some insight into how future 
pressure relief from CO2 injection operations may work. The Queensland Government has prepared a policy [12] for the 
management of water produced with coal seam gas. This requires all waters that cannot be used directly to be treated before it 
can be discharged into the environment.
In our analysis we assume the brackish water produced is treated by a multi-stage process including reverse osmosis (RO).
We have benchmarked our water treatment costs against the estimates reviewed by Greenlee et al. [13] and Karagiannis and 
Soldatos [14]. We assume that 80% of the brackish water is treated to potable standards. We have not investigated the technical 
and economic aspects of dealing with the brine waste stream. The Queensland Government policy requires that brine must be 
disposed of in lined lagoons or injected into the subsurface. Similarly we have not examined the possible uses for the treated 
water nor its economic value. It is possible that the water produced as part of such a project may be a significant resource for 
rural communities and industries (such as mining and agriculture). It may also be possible to use the water to boost river flows.
3. Results
The results of our reservoir simulation are shown in Figure 2 and the results of our economic analysis are displayed in Figure 
3.
3.1. Injectivity
Figure 2a and Figure 2b show the variation of injection rates as a function of number of injection wells for the cases with and 
without producers. Figure 2a represents a low quality formation while Figure 2b shows a high quality formation in terms of 
permeability, thickness, and depth. The results show that pressure-relief wells are increasingly beneficial as the CO2 injection 
rate increases. This is clearly shown in Figure 2c that shows the improvement in the injection rate from pressure-relief. The high 
permeability, thick formations yield more improvement compared to low permeability, thin formations. For the high permeability
case pressure relief can increase injection rates by up to seven times for the same number of injection wells.
We estimate that depending on the case, pressure relief leads to the production of between 2 thousand and 44 million cubic 
metres of water per year. The largest rate is driven by the injection of almost 45 Mt of CO2 /yr. A water production rate of 
44 m³/yr is comparable to the Ashkelon desalination plant discussed in Sauvet-Goichon [15].
Comparing the lines for CO2 injection without pressure relief in Figure 2a and Figure 2d indicates that using horizontal wells 
instead of vertical wells increases injectivity by an order of magnitude. In Figure 2d we compare injection without and with 
pressure relief using horizontal wells. The results show that the improvement in injectivity for horizontal wells through pressure 
relief for the shallow, thin, low-permeability is of the same order as for the deep, thick, high-permeability using vertical wells.
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We also examine the effect on injectivity with pressure relief of changing the well spacing from 3.5 km up to 14 km for the 
base case. Well spacing does not affect the injectivity markedly, but larger well spacing lowers water production, specifically for 
thin, low permeability formations.
(a) CO2 injection & water production rates for the shallow, thin, low 
permeability formation
(b) CO2 injection & water production rates for the deep, thick, high
permeability formation
(c) ratio of CO2 injection rates with pressure relief to those without 
pressure relief
(d) CO2 injection & water production rates for the shallow, thin, low 
permeability formation with horizontal wells
Figure 2 – The effect of reservoir pressure relief by water production on CO2 injection rates
3.2. Economics
Figure 3a presents a breakdown of the specific cost of CO2 avoided by storage for the shallow, thin, low-permeability 
formation with pressure relief. The costs are shown as a function of the annual CO2 injection rate.
The figure shows that the costs of injection and production wells dominate. They accounts for between 50% and 80% of the 
total cost. The results show that economies of scale reduce the specific costs of booster compressors and distribution networks 
decline as injection rate increases. Well costs increase with injection rate because the capital and operating costs per well are 
relatively constant. However, because of pressure interference the injectivity per well declines as the number of wells increases.
The cost of extra power forms a small part of the total cost. The highest power cost across all cases and flow-rates considered 
is only A$0.2 per tonne of CO2 avoided. On-costs (owners’ costs and contingency) are calculated as a percentage of the other 
costs and so follow the same trend as the total cost. 
The costs of treating the produced water are relatively small. Across all cases the costs range from A$0.2 to A$0.9 per tonne
of CO2 avoided. These equate to a cost of between A$4.6 and A$0.7 per cubic metre of potable water and compare reasonably 
with those in the literature [13–15].
In Figure 3b we show the present values of all costs for CO2 injection in the deep, thick, high-permeability formation at two 
injection rates. The chart shows the breakdown of costs into the different categories shown in Figure 3a. At an injection rate of 
5 Mt/yr, three injection wells are required if there is no pressure relief. With pressure relief, two injection and one production 
well are required. Since the number of wells is the same, the key difference is the cost of treating produced water. Therefore, the 
case with pressure relief is more expensive. However, for an injection rate of 10 Mt/yr the number of injection wells required 
without pressure relief increases dramatically to 289, while pressure relief case requires only 7 injection wells and 3 injectors. 
Therefore, at 10 Mt/yr, using pressure relief reduces costs by about 95%.
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We can get a sense of the effect of pressure relief on injection in the four model formations from Figure 3c. In this figure we 
plot the ratio of costs with and without pressure relief against the CO2 injection rate. The results show that pressure relief 
generally reduces the cost of injection. The cost with pressure relief ranges between 1.7 and 0.1 times the cost without pressure 
relief. 
For the case of the shallow, thin, low-permeability formation, injection is very difficult and there is no improvement in CO2
injection s with pressure relief. Therefore, Figure 2c shows that the additional cost of water treatment leads to a higher specific 
cost with pressure relief than without pressure relief. For the other cases, pressure relief reduces the total number of wells and, in 
general, this reduction more than compensates for the extra cost of water treatment. In contrast, the other cases for the most part 
show that pressure relief is cheaper at higher production rates.
In Figure 3d we show the costs for the deep, thin and low-permeability formation with vertical and horizontal wells. The 
absolute and specific costs for both well types are relatively high because flow-rates are low. The low flow-rates reflect the low 
permeability and small formation thickness. However, at injection rates greater than about 0.5 Mt/yr, the specific costs are 
significantly less than for vertical wells for the same injection rate.
(a) cost breakdown for the shallow, thin, low permeability formation 
with pressure relief
(b) effect of pressure relief on the present value of all costs for the 
deep, thick, high permeability formation at two flow-rates
(c) the effect of pressure relief on the cost of CO2 storage for all 
formations considered
(d) pressure relief & the deep, thin, low permeability formation with 
horizontal and vertical wells
Figure 3 – The effect of reservoir pressure relief by water production on the specific cost of CO2 avoided
4. Discussion
These results show that in three out of the four combinations of depth and permeability-thickness, pressure relief gives net 
benefit. Whether pressure relief is beneficial depends on the trade-off between (a) a reduction in the number and cost of wells 
and (b) the cost of water treatment. Our results show that pressure relief becomes beneficial when it results in a reduction in well 
numbers of between 10% and 50%.
There have been many responses (such as [16, 17]) to the analyses of Ehlig-Economides and Economides [3]. These 
responses have discussed both the assumptions made and technical issues raised. Our results show that pressure relief can 
alleviate concerns of over pressure build-up in formations with little or low connectivity. In this way, pressure relief in order to 
improve project economics can increase capacity [18]. Other techniques such as horizontal drilling can also increase injectivity.
However, pressure relief is not without risk. For the purposes of this study we have assumed that the CO2 does not 
breakthrough to the relief wells. In reality this cannot be guaranteed. It is possible that a thin layer of CO2 may form under the 
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seal that moves far ahead of the bulk of the CO2 plume. If CO2 does break through, then additional surface facilities would be 
required to collect and compress the CO2 for reinjection.
A further complication is the produced water. In offshore circumstances, produced water following treatment can be 
discharged into the sea. In contrast, onshore Australia presents different issues. Australia is the driest continent on Earth after 
Antarctica and many regions are often in drought. Therefore there could be benefits to producing water. However, the key 
onshore basins are in the semi-arid inland areas of Queensland, South Australia and possibly New South Wales. Australia has 
already experienced the consequences of irrigating semi-arid areas in the form of dry-land salinity. In some cases the water could 
be used to supplement town supplies, supplement river flows or provide water for industrial or processes, such as mineral 
processing.
5. Conclusions
Pressure relief increases CO2 injection rates. The degree to which it increases injection rates depends on formation 
characteristics. The economic benefit of doing pressure relief depends on the degree of improvement in the CO2 injection rates
and the relative costs of water treatment and well costs. When there is only a slight increase in the injection rates, such as for the 
shallow, thin, low-permeability case, pressure relief results in higher costs. However, when there are greater increases in 
injection rates, pressure relief is of significant economic benefit. From our results, the turning point is when there is a reduction 
in well numbers of between 10% and 50%.
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